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I n t r o d u c t i o n  

E x t r a c t i o n  o f  coa l  with var ious so lvents  has been a commonly used method f o r  
o b t a i n i n g  knowledge about t h e  s t r u c t u r e  o f  coal and i t s  chemical composition. Solvent 
e x t r a c t i o n  o f  coal has been c l a s s i f i e d  i n t o  f o u r  d i f f e r e n t  types by Oele and others 
( l ) ,  and Oryden (2.3). A recent  rev iew o f  so lvent  e x t r a c t i o n  was prepared by Pul len 

1. Nonspecif ic e x t r a c t i o n  - nonspeci f ic  so lvents  e x t r a c t  on l y  a small  percentage 
o f  t h e  coal. These so lvents  tend t o  p r i m a r i l y  d i sso l ve  t h e  waxy and resinous 
canpounds which res ide  i n  t h e  coa l ' s  phys ica l  s t r u c t u r e  i n  t h e  form o f  res in  
bodies and p a r t i c l e s .  

2. Spec i f i c  e x t r a c t i o n  - s p e c i f i c  so lvents  e x t r a c t  a l a r g e r  p o r t i o n  o f  the coal 
(up t o  40%) w i t h  t h e  ext racted ma te r ia l  c l o s e l y  resembling t h e  i nso lub le  coal 
residue. The e f fec t i veness  o f  these so lvents  has been a t t r i b u t e d  t o  the 
ex is tence o f  an unshared p a i r  o f  e lec t rons  on n i t rogen  or oxygen i n  the 
so lvent  molecule thereby making t h e  so lvent  behave as a p o l a r  f l u i d  @,A). 

3. Ex t rac t i ve  d i s i n t e g r a t i o n  o r  degradat ion - t h i s  t ype  o f  e x t r a c t i o n  occurs a t  
temperatures between 200' and 400'C where t h e  percent e x t r a c t i o n  i s  dependent 
on t h e  p roduc t i on  o f  smaller so lub le  f r a c t i o n s  by t h e  thermal decomposition of 
t h e  coal. Solvents under these cond i t i ons  can d i sso l ve  up t o  240% o f  t he  coal 
a t  temperatures o f  400'C. 

4. Ex t rac t i ve  chemical d i s i n t e g r a t i o n  - these ex t rac t i ons  d i sso l ve  t h e  coal by 
the rma l l y  decomposing and chemical ly  r e a c t i n g  with t h e  coal t o  form smaller 
molecular fragments (l). Most o f  t h i s  work invo lves us ing hydrogen-donor 
so lvents  (i.e., so lvents  t h a t  can e i t h e r  donate hydrogen t o  t h e  various 
reac t i ve  coal species o r  a t  l e a s t  ac t  as a hydrogen t r a n s f e r  agent) t o  
manufacture 1 i q u i d  products fran t h e  coal. 

I n t e r e s t  i n  t h e  e x t r a c t i o n  o f  coal (and o the r  subst rates)  w i t h  s u p e r c r i t i c a l  
so lvents  has been inc reas ing  r a p i d l y  over t h e  past f i f t e e n  years. This i n t e r e s t  i s  
P r i m a r i l y  due t o  t h e  enhanced s o l u b i l i t y  o f  subst rates i n  t h e  f l u i d  phase t h a t  occurs 
a t  o r  above t h e  c r i t i c a l  po int .  Also, t h e  so lvent  power o f  t he  so lvent  (which depends 
on the  solvent dens i t y )  can be convenient ly  c o n t r o l l e d  over  a l a rge  range w i t h  small 
changes i n  t h e  so lvent  pressure o r  temperature (5,6). Most o f  t h e  coal ex t rac t i ons  
us ing s u p e r c r i t i c a l  f l u i d s  have been performed a t  temperatures above 350'C. Squires 
and o the rs  ( 7) repo r ted  t h a t  thermal decomposition processes were becoming s i g n i f i c a n t  
above 325'C T o r  t h e  e x t r a c t i o n  o f  an I l l i n o i s  No. 6 coa l  w i t h  s u p e r c r i t i c a l  methanol. 
This suggests t h a t  r e s u l t s  fran s u p e r c r i t i c a l  f l u i d  ex t rac t i ons  above t h i s  temperature 
a re  a canbinat ion o f  phys ica l  and chemical so lvent-coal  i n te rac t i ons .  
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The two fo ld  ob jec t i ves  o f  t h i s  research are t o  invest igate,  i n  the context  o f  t he  
Solvent e x t r a c t i o n  model presented above, t he  fundamental p r i n c i p l e s  o f  so l  Ute-sol vent 
i n t e r a c t i o n s  a t  o r  above t h e  so lvent  c r i t i c a l  p o i n t  and t o  use s u p e r c r i t i c a l  so lvent  
e x t r a c t i o n  (SCSE) as a method f o r  determining var ious molecular f r a c t i o n s  present i n  
low-rank coals. I n  order  t o  minimize t h e  thermal decomposition canponent i n  t h e  
s u p e r c r i t i c a l  f l u i d  e x t r a c t i o n  o f  low-rank coals, so lvents  were se lected wi th c r i t i c a l  
tenperatures below t h e  tenperature a t  which v o l a t i l e  ma t te r  i s  evolved by des t ruc t i ve  
d i s t i l l a t i o n  (i.e., <325OC). 

Experimental 

l h t e r i  a1 s 

The so lvents  used were n-pentane through n-octane and cyclohexane a v a i l a b l e  
commercially i n  HPLC grade. The coal used was I n d i a n  Head l i g n i t e  ( I n d i a n  Head mine, 
Zap, ND) vacuum d r i e d  f o r  a t  l e a s t  a week a t  10 micron Hg and roan temperature. The 
proximate and u l t i m a t e  analyses f o r  t h i s  l i g n i t e  are shown i n  Table I. 

Table I .  Proximate and U l t ima te  Analyses f o r  I nd ian  Head L i g n i t e  (mf basis). 

Proximate Analysis 

V o l a t i l e  Ma t te r  39.8 
F ixed Carbon (By d i f f e rence )  46.7 
Ash 13.5 

U l t ima te  Analysis 

Hydrogen 
Carbon 
N i t rogen  
Sul f u r  
Oxygen (By d i f f e rence )  
Ash 

3.85 
60.79 

1.47 
0.89 

19.51 
13.5 

S u p e r r r i t i c a l  F l u i d  Processing 

Ex t rac t i ons  o f  I nd ian  Head l i g n i t e  samples were performed us ing t h e  a l i p h a t i c  
sol vents mentioned above. These experiments were performed us ing a semicontinuous 
s u p e r c r i t i c a l  so lvent  e x t r a c t i o n  system. A f l o w  sheet f o r  t h i s  system i s  shown i n  
F igu re  1. I n  t h i s  system a f i x e d  bed o f  coal ( 4 0  gm) was contained i n  a 25.4 u n  by 
1.75 cm I D  sec t i on  o f  h igh pressure tub ing  by one micron s in te red  metal f r i t s .  The 
preheating c o i l s  and f i x e d  bed o f  coal were then immersed i n  a preheated f l u i d i z e d  sand 
b a t h  where s u p e r c r i t i c a l  cond i t i ons  were achieved i n  l e s s  than seven minutes. A Ruska 
p o s i t i v e  displacement pump and h igh  pressure accumulator were used t o  prov ide a 
pu lse less flow o f  so lvent  through t h e  system once s u p e r c r i t i c a l  cond i t i ons  were 
reached. The pressure 
of t h e  s u p e r c r i t i c a l  so lvent  was reduced t o  atmospheric pressure a f t e r  passing a back 
pressure regulator .  The e x t r a c t  and so lvent  were c o l l e c t e d  i n  a c h i l l e d  sample 

A solvent f l ow  r a t e  o f  120 m l h r  was maintained f o r  t w  hours. 
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vessel. The noncondensable product gas was measured and c o l l e c t e d  f o r  subsequent 
analys is .  

A n a l y t i c a l  

A f t e r  each experiment, t h e  ex t rac ted  l i g n i t e  res idue and so l ven t -ex t rac t  mix ture 
were r o t a r y  vacuum d i s t i l l e d  a t  9 0  mm Hg and 80°C and weighed. This procedure insured 
t h a t  a solvent and mois ture- f ree product was obtained f o r  mater ia l  balance purposes. 
The c o l l e c t e d  product gases were analyzed by gas chromatography. Residues were 
analyzed by thermogravimetric ana lys i s  (TGA). Proximate and u l t i m a t e  analyses were 
performed on se lected samples. 

Analys is  o f  t h e  s o l i d  e x t r a c t s  obtained by t h e  s u p e r c r i t i c a l  hydrocarbon 
ex t rac t i ons  were accomplished by column separations, i n f r a r e d  spectroscopy, 60 MHz 
p ro ton  NMR and c a p i l l a r y  GC. Separations o f  t h e  ac ids from t h e  e x t r a c t s  was 
acomplished by t h e  f o l l o w i n g  procedure. The e x t r a c t  was d isso lved i n  a warmed 
chloroform-methanol m i x t u r e  (1:l). The so lub le  p o r t i o n  was added t o  a column 
con ta in ing  Sephadex A25 i o n  exchange res in .  The e luent  fran t h e  column was evaporated 
and t h e  ac id- f ree f r a c t i o n  was weighed. The column was e lu ted  again wi th a s o l u t i o n  o f  
formic ac id  (7  ma) i n  chloroform-methanol (l:l, 33 ma). Evaporation o f  t h i s  eluent 
gave a f r a c t i o n  c o n s i s t i n g  o f  f a t t y  and r e s i n  acids. The ac id - f ree  wax was dissolved 
i n  carbon t e t r a c h l o r i d e  and analyzed by an i n f r a r e d  c a l i b r a t e d  f o r  t h e  es te r  carbonyl 
peak and the  a lcohol  OH-stretching peak. 

Discussion and Resu l t s  

Tenperature and Pressure E f f e c t s  

As mentioned above, one o f  t h e  p o t e n t i a l  advantages o f  s u p e r c r i t i c a l  f l u i d  
e x t r a c t i o n  i s  t h e  r e l a t i v e l y  l a r g e  change i n  the  so lu te  s o l u b i l i t y  t h a t  can be achieved 
w i t h  small changes i n  so lvent  pressure o r  temperature. This premise was tested i n  the 
fo l l ow ing  way. A se r ies  o f  i s o b a r i c  experiments us ing s u p e r c r i t i c a l  pentane t o  ex t rac t  
I nd ian  Head l i g n i t e  a t  var ious temperatures was c a r r i e d  ou t  t o  i n v e s t i g a t e  t h e  e f f e c t s  
of operat ing temperature on t h e  percent conversions. The operat ing cond i t i ons  o f  these 
runs and t h e i r  r e s u l t i n g  conversions a re  shown i n  Table 11. As shown i n  

Table I I. Operating Condi t ions and Resul ts  f o r  S u p e r c r i t i c a l  Pentane Ex t rac t i ons  o f  
I nd ian  Head L i g n i t e  a t  Constant Pressure, Pr = 1.50. 

Operating Operating % % 
Temp., O C  Pressure (Psia) Conversion (maf)* Y i e l d  (maf)* 

206 
235 
270 
300 

1.020 
1.083 
1.158 
1.222 735 

735 
735 
135 

1.50 
1.50 
1.50 
1.50 

1.1 
0.34 
1.4 
0.63 ( ? )  

*% conversion wt maf coal - wt maf residue; % y i e l d  = wt maf e x t r a c t  
wt m f  coal w t  maf coal 

**Tr = ope ra t i ng  temperature o f  so lvent  ( O K L ;  Pr = operat ing pressure o f  so lvent  (ps ia )  
C r i t i c a l  temperature o f  sol vent ( O K )  c r i t i c a l  pressure o f  so lvent  (ps ia )  

132 



I 

F igu re  2, t h e  percent conversion i n i t i a l l y  decreased w i t h  an increase i n  operat ing 
temperature up t o  235°C. This decrease was caused by t h e  decrease i n  t h e  so lvent  
dens i t y  t h a t  occurs w i t h  increas ing temperature. The conversion then increased w i t h  
fu r the r  increases i n  t h e  operat ing temperature up t o  270" and 3OO0C, respec t i ve l y .  
These increases were due t o  increased thermal e f f e c t s  i n  t h e  coal which more than 
offset t h e  decrease i n  s o l u b i l i t y  caused by t h e  decreased solvent densi ty .  

Table I 1 1  shows how temperatures a f fec ted  t h e  percent conversions and y i e l d s  of 
t h r e e  (two hexanes and one heptane) s u p e r c r i t i c a l  ext ract ions.  These r e s u l t s  a l so  
i n d i c a t e  t h a t  percent conversions increase w i t h  increas ing temperature. However, t h e  
dif ferences observed between t h e  isothermal hexane and heptane experiments i n d i c a t e  
t h a t  h igher  conversions a re  obtained as t h e  operat ing temperature approaches t h e  
solve(lt c r i t i c a l  temperature (i.e., T goes t o  one). These r e s u l t s  are consis tent  w i t h  
those repor ted by Bless ing and Ross d). 
Table 111. Operating Condit ions and Resul ts  f o r  S u p e r c r i t i c a l  Hexane and Heptane 
Ext ract ions o f  I nd ian  Head L i g n i t e  a t  Constant Reduced Pressure, Pr = 2.0. 

Operating I x 
Operating Pressures Conversion Yie ld  

(Ps ia)  (maf) M '  Temperature ("C) L Sol vent 

n-Hexane 
n- Hexane 
n-Heptane 

244 
278 
278 

1.020 860 3.1 1.3 
1.087 860 5.3 1.6 
1.020 795 6.5 1.7 

The e f f e c t  o f  pressure on s u p e r c r i t i c a l  f l u i d  e x t r a c t i o n s  was inves t i ga ted  by 
performing a ser ies o f  isothermal ex t rac t i ons  us ing s u p e r c r i t i c a l  hexane a t  var ious 
pressures t o  e x t r a c t  I nd ian  Head l i g n i t e .  The operat ing cond i t i ons  and r e s u l t s  o f  
these experiments are shown i n  Table I V .  The percent conversions and y i e l d s  f o r  these 
experiments are p l o t t e d  i n  F igure 3. The r e s u l t s  d isp layed i n  F igure 3 suggest t h a t  a 
maximum i n  t h e  s o l u b i l i t y  o f  I nd ian  Head l i g n i t e  i n  s u p e r c r i t i c a l  hexane occurs i n  t h e  
v i c i n i t y  o f  Pr = 2.0. The ex is tence o f  a maximum i n  s o l u t e  s o l u b i l i t y  occu r r i ng  as a 
f u n c t i o n  o f  pressure have been reported f o r  a South A f r i c a n  coal i n  s u p e r c r i t i c a l  
to luene ( 9 )  and f o r  biphenyl i n  s u p e r c r i t i c a l  CO (10). The reasons s tated f o r  these 
maxima weye t h e  d i f f e rences  between the  pressure 2dependent s o l u b i l i t y  parameters o f  t h e  
coal and t h e  solvent o r  by performing ex t rac t i ons  a t  pressures above t h e  upper c r i t i c a l  
r e g i o n  end po in t  together  w i t h  " f r e e  volume" e f f e c t s  ( s i z e  asymmetry between t h e  so lu te  
and so lvent)  as i n  the  case o f  t h e  biphenyl - C02 system. F igure 4 i l l u s t r a t e s  t h e  
improved solvent power t h a t  resu l ted  fran small  increases i n  the  so lvent  pressure.from 
Pr = 1.5 t o  2.0 f o r  t h e  ex t rac t i ons  us ing  s u p e r c r i t i c a l  heptane, octane and 
cyclohexane. This f i g u r e  a l so  suggests t h a t  changes i n  t h e  operat ing pressure have a 
l a r g e r  e f f e c t  on t h e  so lvent  power o f  t h e  s u p e r c r i t i c a l  so lvent  a t  h igher  operat ing 
temperatures. It appears fran t h e  data presented above t h a t  t h e  y i e l d s  from the  
e x t r a c t i o n  o f  Ind ian Head 1 i g n i t e  w i t h  s u p e r c r i t i c a l  a1 i p h a t i c  so lvents  were not  
affected t o  a l a rge  extent  by e i t h e r  the  operat ing temperature o r  pressure. This  could 
be due t o  a l i m i t e d  amount o f  compounds present i n  t h e  coal which a re  s e l e c t i v e l y  
ex t rac ted  by a l i p h a t i c  so lvents  under 325OC. The d i f f e rences  between t h e  percent y i e l d  
and conversion data were due t o  t h e  product ion o f  gas ( p r i m a r i l y  C02) and t h e  format ion 
o f  water from t h e  coal. 
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Table I V .  Operating Condi t ions and Results f o r  S u p e r c r i t i c a l  Hexane Ex t rac t i on  o f  
I nd ian  Head L i g n i t e  a t  Constant Temperature, Tr = 1.02. 

Ope r a t  i ng Operating 96 Conversion % 
Temp. ( " C l  Pressure (Ps ia)  L (maf) Y ie ld  ( m a f l  

244 
244 
244 
244 
244 

450 
650 
860 
1080 
1295 

1.05 2.2 0.9 
1.50 2.3 1 .o 
2.00 3.2 1.4 
2.50 2.6 1.3 
3.00 3.0 1.1 

A n a l y t i c a l  Resu l t s  and Discuss ion 

The e f f e c t  o f  s u p e r c r i t i c a l  e x t r a c t i o n  on t h e  thermal c h a r a c t e r i s t i c s  o f  t he  
r e s u l t i n g  res idues was inves t i ga ted  us ing thermogravimetric analyses. Table V shows 
t h e  operating cond i t i ons  and conversions obtained f o r  each o f  t h e  res idues analyzed by 
TGA. Figure 5 d isp lays  t h e  d i f f e r e n t i a l  weight l o s s  f o r  t h e  f i v e  s u p e r c r i t i c a l  f l u i d  
e x t r a c t p  res idues as func t i ons  o f  t h e  sample temperature. A sample o f  t h e  vacuun 
d r i e d  as run"  Ind ian  Head l i g n i t e  was a l s o  p l o t t e d  f o r  comparison purposes. This 
f i g u r e  suggests t h a t  t h e  s u p e r c r i t i c a l  f l u i d  so lvents  used i n  t h i s  paper were 
e x t r a c t i n g  more o f  t h e  compounds t h a t  would d e v o l a t i l i z e  below 4 O O ' C  w i th  the  
increased operat ing tenperature necessary w i t h  the longer  so lvent  chain length. 

Table V. 
L i g n i t e  a t  Constant Reduced Temperatures and Pressures, Tr = 1.02, Pr = 2.0. 

Operating Condi t ions and Resul ts  f o r  S u p e r c r i t i c a l  E x t r a c t i o n  o f  I nd ian  Head 

Operating % % 
Operating Pressure Conversion Y ie ld  

Sol vent Temp ( "C)  (Psia) (maf) (maf) 

n-Pentane 206 980 3.1 0.6 
n-Hexane 244 860 3.2 1.3 
n-Heptane 27 8 795 6.5 1.7 
n-Octane 307 720 9.8 2.2 
Cyc ohexa ne 29 1 1180 9.1 2.5 

The analyses o f  t h e  e x t r a c t s  revealed t h e  presence o f  a l i p h a t i c  esters, alcohols, 
ac ids and alkanes with l i t t l e  o r  no aromatics being extracted. Separations and 
q u a n t i t a t i v e  i n f r a r e d  spectroscopy have been performed on t h e  ch l  orofom-methanol 
so lub le  f rac t i ons  (%50 w t  %) from t h e  s u p e r c r i t i c a l  pentane and hexane ext ract ions t o  
date. The y i e l d s  f ra t h i s  p re l im ina ry  data averaged 0.191, 0.061, and 0.26% f o r  the 
waxy esters, a l i p h a t i c  a lcohols  and t h e  f a t t y  acids, respect ive ly .  Proton NMR showed 
t h a t  t h e  aromatic content  o f  t h e  e x t r a c t s  tended t o  increase s l i g h t l y  w i th  increasing 
operat ing temperature. C a p i l l a r y  GC analyses on whole samples and s i l i c a  gel column 
separated samples using a 15 m SE-54 column provided data on t h e  d i s t r i b u t i o n  of normal 
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and c y c l i c  alkanes, waxy esters ,  and f a t t y  a lcohols  and acids. The s e r i e s  o f  n-alkanes 
occurred between C and C3 w i t h  a maximun concentrat ion o f  t h e  C alkane. A number 
of t r i t e rpanes  an& t o  $2, c y c l i c  alkanes were present. The'Batty a lcohols  were 
found t o  be main ly  2;. The f a t t y  ac ids were converted t o  t h e i r  methyl esters  f o r  
analysis. A se r ies  o esters  was observed w i t h  maximun concentrat ion a t  C24 
From t h e  composit ion and y i e l d  data, i t  appears t h a t  e x t r a c t i o n  o f  I n d i a n  Heada:!g%f; 
wi th s u p e r c r i t i c a l  a l i p h a t i c  so lvents  w i t h  c r i t i c a l  temperatures below 325°C s t i l l  has 
the  c h a r a c t e r i s t i c s  o f  nonspeci f ic  ext ract ion.  
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F i g u r e  1. Equipnent f lowsheet  f o r  t h e  semi-continuous s u p e r c r i t i c a l  solvent  e x t r a c t i o n  
system. 

F i g u r e  2. 
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F i g u r e  3. Pressure e f f e c t s  o f  s u p e r c r i t i c a l  hexane e x t r a c t i o n s  on conversions and 
y i e l d s .  
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F i g u r e  4. Pressure ef fects  o f  heptane, cyclohexane and octane s u p e r c r i t i c a l  
e x t r a c t i o n s  on conversion. 
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Figure 5. TGA rate of weight loss for supercritical solvent extracted residues. 
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